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ABSTRACT 
Long–rangetransportoftheSaharandustplumesduringMay–Augustofeachyearisaprominentfeatureoverthe
tropicalNorthAtlantic.Observationsof temperatureprofilesarehighlydesirable in clarifying the impactsof the
Saharandustplumesover the tropicalNorthAtlantic. In thisworkwe evaluatepositive temperature anomalies
(inversionsinthelowertroposphere)intheNorthAtlanticlowtroposphereoriginatingfromWesternAfrica,andto
examine the correspondence of these events to Saharan dust plumes, using several temperature sources and
satellite–detected measurements of Aerosol Index. We combine profiles of temperature observations from
FORMOSAT–3/COSMIC(F3C)withaerosolobservationsfromOzoneMonitoringInstrument(OMI)toprovidedirect
evidenceof theSaharandustplumesmodifyingenvironmental stability.TheF3Cobservations showgoodprofile
measurementscomparedwiththeradiosondesinthelowertroposphere,withtheaveragetemperaturedifferences
lessthan0.5K.TheF3CresultswerealsocomparedwiththeAquaAdvancedInfraredRadiationSounder(AIRS)and
meteorologicalanalysesfromtheNationalCentersforEnvironmentalPredictions(NCEP),theUnitedKingdomMet
Office(UKMO),andtheEuropeanCentreforMediumRangeWeatherForecast(ECMWF).Ourresultsshowthathot
airplumesareassociatedwith theSaharandustplumesduring their transportacross the tropicalNorthAtlantic.
TherewereelevendistinctivehotairplumesduringMay–August2007and2008,respectively.Thesehotairplumes
increaseenvironmental temperaturesbelow5–kmaltitudes,with themaximum increaseof1–2Karound2–km.
This leads to increase of environmental stability below 2–km altitudes and decrease of environmental stability
between2–and5–kmaltitudes.Bychangingtheverticaldistributionofenvironmentalstability,theSaharandust
plumesacttostabilizeenvironmentalairbelow2–kmwhiledestabilizeenvironmentalairfrom2–to5–kmaltitudes.
These resultsaredistinctivelypresented in theF3CandAIRSobservationsbut lessobvious in themeteorological
analyses.
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1.Introduction

Long–range transport of the Saharan dust plumes is a
pronouncedfeatureoccurringduringMay–Septemberofeachyear
over the tropicalNorthAtlanticatmosphere (DunionandVelden,
2004).Thezoneofmaximumdusttransportvariesbetween5°Nin
winter to 20°N in summer. This seasonal variation associated
with the latitudinal movement of the large–scale circulation,
includingtheIntertropicalConvergenceZone(Moulinetal.,1997),
andthesouthernextentofthedustvariesbetween5°S inwinter
and 8°N in summer (Engelstaedter et al., 2006). Hence, the
impactsofthesetransportingSaharandustplumesandassociated
Saharanairareofgreatimportanceforweatherpredictions(Pratt
and Evans, 2009) and climate assessments (Mahowald and Luo,
2003).SincetheactiveseasonsoftheSaharandustplumes,May–
August of each year, are also the active seasons of hurricane
activity over the tropical North Atlantic (Dunion and Velden,
2004), the effects of the Saharan dust plumes in the genesis of
tropicalstormsoverthetropicalNorthAtlantic isanenduringand
important subject of studies. In the context of dust–radiation
effects,theexistenceofdustplumescanacttoabsorbshortwave
radiation, resulting in a heating effect around the altitude with
elevated dust concentration while reducing shortwave flux to
belowthedustlayerandcreateacoolingeffect.Forthelong–wave
radiation,thedustplumeactslikegreenhousegases,reflectlong–
wave radiation to below and re–emit long–wave energy in all
directions at the dust layer, resulting in a cooling in the dust
layerandnetwarmingeffectatsurface(Chenetal.,2010;Wang,
2010).

Previousstudieshaveshown thatSaharandustplumesexert
influencesoverthetropicalNorthAtlanticatmospherebychanging
verticalwind shear (Dunion and Velden, 2004), vertical thermoͲ
dynamic stability (Dunion and Velden, 2004;Wong and Dessler,
2005;DunionandMarron,2008; JuryandSantiago,2010),water
vaporcontent(DunionandMarron,2008),andseasurfacetempeͲ
ratures (Evan et al., 2009). These results were mostly derived
basedon limitedradiosondes launchedfromfixed islands(Dunion
and Marron, 2008) and ships (Nalli et al., 2005), and aircraft
sampling (Carlson and Prospero, 1972;McConnell et al., 2008).
Mostof theobservationsweremadearound thewesternboundͲ
ary(80°W–60°W)andtheeasternboundary(20°W)ofthetropical
North Atlantic atmosphere (Sun et al., 2009). A recent in–situ
aircraft measurement of Saharan dust originating from Mali,
Mauritania and Algeria had conducted during the Fennec 2011
aircraftcampaign(Ryderetal.,2013).

Assuch,detailedobservationsforthelong–rangetransportof
Saharandustplumesinthelongitudesbetween20°W,wheredust
plumes leave the Sahara Desert and enter the North Atlantic
atmosphere,and60°W,wheredustplumeshavetraveledoverthe
40degreesinlongitudesandareabouttoentertheNorthWestern
Atlantic regions, remain elusive. Currently, only satellite obserͲ
vations are able to provide high densitymeasurements over the
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vastopenoceanregions.WenotethatarecentworkhasdemonͲ
strated that long–term in situmeasurements from telescopeson
theCanaryIslandscanalsobeusedtoobtaindustplumestatistics
overtheNorthAtlanticarea(Lakenetal.,2013).

The benefits of using satellite data over the tropical North
Atlantic atmosphere that were not available in previous works
havebeenshownrecently.Wuetal. (2006)andSunetal. (2009)
showedthattheassimilationoftheAquaAIRSsatellitedataduring
the Saharan dust outbreaks enables themodels tomakemore
realisticpredictionsofhurricane tracks than thepredictionswithͲ
outtheusageoftheAquaAIRSdata.Realeetal. (2009)reported
positiveimpactofassimilatingAIRSinforecastingtropicalcyclones.
Wang (2010) combined profiles of temperature measurements
from F3C with Aerosol Index (AI) data from OMI to show that
profiles of temperature response to the Saharan dust outbreaks
exhibitpronouncedwarmingoftheatmosphereataltitudesbelow
5–km,with themaximumwarmingof3–5Koccurringaround2–
3–kmaltitudesforhighAIvalues.

It is very encouraging to see that the enhanced spatial
coverageoftheAquaAIRSandtheF3CGlobalPositioningSystem
(GPS) radiooccultation (RO)dataover the tropicalNorthAtlantic
atmosphere provide more detailed observations of the transͲ
porting dust plumes than were previously available from the
conventionaldata (Wongetal.,2009;Huangetal.,2010).These
additional data were able to improve predictions of hurricane
tracks. The purpose of this work is actually to evaluate the
presenceofpositive low–level temperatureanomalies (inversions
in the lower troposphere) over the North Atlantic coming from
WesternAfrica,inordertoseetheirrelationshiptodustplumes.In
this work we use the F3C GPS RO data to reveal temperature
variationsofthetransportingdustplumes.WecompareF3Cwith
Aqua AIRS observations. We also compare and contrast these
satelliteobservationswithmeteorologicalanalysesfromtheNCEP,
the UKMO, and the ECMWF. These comparisons highlight the
importance of the changing temperature structures associated
with the long–range transportSaharadustplumeswhicharenot
often seen by themeteorological analyses (as shown here) but
prominentlyfeaturefromtheF3CandtheAIRSobservations.

2.DataandMethods

2.1.TheF3Cobservations

Sinceitssuccessfullaunchintoorbiton14April2006,theF3C
missionhaspersistentlytakenprofileofatmospherictemperature
measurementsusingGPSROmethod(WangandLin,2007;Anthes
etal.,2008).The totalatmospheric radiooccultationprofileshas
reached2836132on25April2011(www.cosmic.ucar.edu).Thisis
equivalent to an average of about 1500 atmospheric profiles
globallyperday.

The F3Cmission comprises a constellation of six low Earth
orbiting (LEO)micro satelliteswith an altitude of about 800–km
(Rocken et al., 2000). These LEO satellites receive radio signals
fromthe24globalpositioningsystem(GPS)satellitesorbitingatan
altitude of 20200–km. EachGPS satellite continuously transmits
polarizedradiosignalsattwoLbandfrequencies,f1=1575.42MHz
(L1)andf2=1227.60MHz(L2)(Kursinskietal.,2000).AstheseGPS
radiosignalstravelthroughEarth’satmosphere,theyareocculted
and bent. This result in a phase andDoppler shiftwhich can be
accuratelymeasured by a GPS receiver onboard a LEO satellite
(Rockenetal.,2000).From theviewpointofaLEO receiver, the
occultationoccurswheneveraGPS satellite risesor sets, causing
the radio signal to travel through the limbofEarth’satmosphere
(Kursinski et al., 2000). Profiles of atmospheric temperatures,
watervapor,andelectrondensitycanbereadilyderivedfromthe
bendingofGPSradiosignalsastheytravelthroughtheatmosphere
andarereceivedbytheLEOsatellites(Kursinskietal.,1997;Kuoet
al.,2004).TheF3C is the first–everconstellationofLEO satellites
that produce wider global coverage of profiles of atmospheric
temperatures. Previously, single–LEOGPS RO satellites such and
SAC–CandCHAMPhavebeenusedinderivingatmosphericprofiles
(Wickertetal.,2001;Hajjetal.,2004).

In this work we used Level–2 post–processed atmospheric
temperatureprofilesfromF3C(www.cosmic.ucar.edu)foranalysis.
These temperature profiles have a vertical resolution of 1–km,
extending from the surface to 40–km altitude. The F3Cmission
provides around 40profilesperdayover the study area (80°W–
0°W, 10°N–30°N) (Wang, 2010). As similar to previous works
(Wang et al., 2009), the post–processed F3C data at each 1–km
vertical resolution are horizontally analyzed to a global domain
whichcontainsa2.5°x2.5°longitude–latitudegridresolutionusing
thekriggingmethod(WangandLiao,2006).

2.2.TheAquaAIRSobservations

TheAIRS instrumentonboardNASA’sEOSsatelliteAqua isan
infrared spectrometer/radiometer covering 3.7–15.4micrometer
spectralrangewith2378spectralchannels (Aumannetal.,2003;
Chahineetal.,2006).AquacirclestheEarth inanear–polar,705–
kmaltitude,andsunsynchronousorbitwhichpassestheequator
at the same local time every day, approximately 1:30p.m. (see
http://aqua.nasa.gov). As such, AIRS continuously provides daily
observationsofmore90%of Earth’s surfaceandatmosphere. In
thisworkweusedAIRS level–2globalgriddedstandproducts for
temperatureanalysis.Thedatacontainsa1°x1°longitude/latitude
resolution,andat levels1000,925,850,700,600,500,400,300,
250,200,150,100,70,50,30,20,15,10,7,5,3,2,1.5,and1hPa.

2.3.Theradiosondemeasurements

Theradiosondedataweusedinthisworkwereobtainedfrom
the NCEP Automatic Data Processing (ADP) Global Upper Air
ObservationalWeatherData,whicharecomposedofglobalupper
air weather reports operationally collected by the NCEP. The
datasetds351.0publishedbytheCISLDataSupportSectionatthe
National Center for Atmospheric Research (NCAR) are available
online at http://dss.ucar.edu/datasets/ds351.0/. This dataset has
beenused inevaluating themodelperformanceofanensemble–
based chemical data assimilation system (Arellano et al., 2007).
Zhangetal. (2011)useddataobtained from thisdataset for the
analysisandobservationalnudgingofahighresolutionmesoscale
model of China. For each F3CGPS sounding, comparisons on 16
mandatory levels (1000,925,850,700,500,400,300,250,200,
150,100,70,50,30,20,and10hPa)weremadewiththenearest
available radiosonde observations within a radius of 150km
aroundtheGPSsounding(Wickert,2004).

2.4. Operational meteorological analyses: NCEP, ECMWF, and
UKMO

The NCEP daily operational temperature analysis (Kalnay et
al., 1996; Basist and Chelliah, 1997) is obtained from the NCEP
Global Forecast System (GFS) products (www.nco.ncep.noa.gov/
pmb/products/gfs/). The NCEP GFSmodel contains a horizontal
resolutionatspectral triangular254 (T254),roughlyequivalentto
0.5°x0.5°latitude/longitude;and64layersextendingbetweensurͲ
faceandabout0.27hPa.Thereareabout15levelsbelow800hPa,
and24levelsabout100hPa.Inthisworkweusedfourtimesdaily
globalgriddeddatathatarehorizontallyata0.5°x0.5° longitude–
latituderesolution,andverticallyat1,2,3,5,7,10,20,30,50,70,
100,125,150,175,200,225,250,275,300,325,350,375,400,
425,450,475,500,525,550,575,600,625,650,675,700,725,
750, 775, 800, 825, 850, 875, 900, 925, 950, 975, and 1000hPa
levels.

ThecurrentoperationalECMWF forecastmodel (Karyampudi
etal.,1999;Schmidtetal.,2008)containsahorizontalresolution
at spectral triangular1279 (T1279),which corresponds toagrid
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resolutionof0.125°x0.125°longitude/latitude;andaverticalresoͲ
lution of 91 layers, extending from the surface up to 0.01hPa
(about80–km).Inthisworkweusefourtimesdailyglobalgridded
data product,which contains horizontally a 2.5°x2.5° longitude–
latitude grid resolution, and at levels 1000, 950, 925, 900, 850,
800,700,600,500,400,300,250,200,150,100,70,50,30,20,10,
7,5,3,2,and1hPa.Moredetailedinformationontheevolutionof
theECMWF forecastsystemcanbe foundatECMWF (seehttp://
www.ecmwf.int).

TheUKMOpredictionmodel(PullenandJones,1997;Heming
andRadford,1998) runsoperationally forweather forecastingat
the Met Office (see http://www.metoffice.gov.uk). The UKMO
global model contains a horizontal grid resolution of 25–km in
mid–latitudes,and70vertical levelswitha lipatabout80–km. In
this work we used four times daily global gridded data at a
horizontal 1.25°x2.5° longitude/latitude resolution, and at levels
1000,950,925,900,850,700,600,500,400,300,250,200,150,
100,70,50,30,20,15,10,7,5,3,2,1,0.7,0.5,0.4,0.3,0.05,and
0.01hPa.

2.5.ObservationsoftheSaharandustplumesfromOMI

TheOMIonboardNASA’sEarthObservingsystemAurasatelͲ
litewassuccessfullylaunchedinJuly2004(Leveltetal.,2006).OMI
isanultraviolet/visiblenadirsolarbackscatterspectrometer,which
provides nearly daily globalmeasurements of gases species (O3,
NO2,HCHO,BrO,OClO),aerosolcharacteristics,cloudtopheights,
andsurfaceUVirradianceonaspatialresolutionof13km×24km.
In this work we used level–3 global gridded 1°x1° AI data for
revealinglong–rangetransportoftheSaharandustplumes(http://
toms.gsfc.nasa.gov/pub).

2.6.Comparisonoftemperatureprofiles

The meteorological analyses, AIRS observations, and OMI
observationsarehorizontallyinterpolatedtoaglobaldomainwith
acommon2.5°x2.5°longitude/latituderesolutiongridsystem,and
verticallyinterpolatedtothe1–kmresolutionusedintheF3Cdata
forintercomparison.

Previousworksshowedmaximumheatingoftheatmosphere
due to the presence of the Saharan dust occurred in the lowest
5–km troposphere (Wong andDessler, 2005;Wong et al., 2009;
Wang, 2010). As such, for the construction of two–dimensional
spatial distribution of hot air plumes over the tropical North
Atlantic, we compute maximum temperature in the lowest
troposphere,between1–and4–km,ofeachhorizontally2.5°x2.5°
longitude/latitudegrid.

2.7.Time–seriesanalysis

In order to examine the distinctive patterns between the
long–range transportSaharandustplumes (as revealedby theAI
valuesdescribedabove)andthehotairplumes(asrevealedbythe
temperatureobservations fromF3CandAIRS,andmodelanalysis
fromECMEF,NCEP,andUKMO),wecomparetimeseriesvariations
of area–mean AI and temperatures in four binned areas of the
tropical (10°N–30°N) North Atlantic (0°W–20°W, 20°W–40°W,
40°W–60°W,and60°W–80°W)fortheperiodJuly–Augustof2007
and 2008, respectively. These areas are consistentwith thedust
corridorofSunetal.(2009).

SincethetransportoftheSaharandustplumesareassociated
withenhancedAIvalues(e.g.,Wang,2010),wecomputedeviation
ofAI frommeanAIvalues.Here themeanAI iscalculatedas the
backgroundAIvalues ineachof thebinnedarea.DeviationofAI
frommeanAI,denotedasd(AI), iscomputedastheAIsubtracted
bythemeanAIforeachbinnedarea.Thesed(AI)canbetterhelpto
exposetheincreaseinAIwithrespecttothebackgroundAIvalues.

Similarly,we computedeviationof temperatures frommean
temperature (background temperatures) for each binned area.
Since thebackground temperatures increasewith time fromMay
toAugust, these temperaturedatahavebeende–trended firstto
remove the seasonal increase in temperature. The de–trended
temperatureswere thenused tocomputemean temperature for
eachbinnedarea.Finally,thedeviationsoftemperaturesfromthe
mean temperature were computed as the difference between
the temperatureand themean temperature.Wedenotedd(F3C)
as the deviation of temperature from F3C observations, and
d(ECMWF)as thedeviationof temperatures fromECMWFmodel
analysis.

2.8.Testofstatisticalsignificance

In order to test the statistical significance of correlation
between AI and temperature fields, we have conducted linear
regressionanalysisoftemperatureswithrespecttotheAIvalues.
We use Student’s t–test to test the probability if the null hypoͲ
thesisof zero correlation is trueby evaluating theP values. The
small value of P indicates a significant correlation (Press et al.,
1997;WangandChau,2013).

3.Results

3.1.ComparisonsoftheF3CGPSROprofiles

Globalcomparison.InordertoassesstheaccuracyoftheF3CGPS
ROtemperatureprofiles,FigureS1a(seetheSupportingMaterial,
SM)showsprofilesofaveragetemperaturedifferences[DT=T(F3C)
–T(Sonde)]between theF3Cprofiles [T(F3C)]and the radiosonde
measurements [T(Sonde)]during theperiod2007–2009.TheaveͲ
rage differences between these two are actually very small, less
than0.5K foraltitudesbetween30kmand close to the surface.
Theseresultsareconsistentwithpreviousfindings,whichshowed
that theGPSROprofilesarehighlyaccurate in thealtitude range
between 5–km and 35–kmwhen comparedwith the radiosonde
measurements (Kuoetal.,2004).Remarkably, in thiscomparison
wefindthattheF3Ctemperatureprofilesbelow5–kmaltitudeare
alsoveryclosetotheradiosondemeasurements.Thisindicatesthe
successof significant improvementson the temperature retrieval
in the lower troposphereusedby theF3Cmission (Rockenetal.,
2000;Mannuccietal.,2004;Sokolovskiyetal,2006;Sokolovskiyet
al.,2007;Aoetal.,2008).

We further compare the F3Cwith the radiosondemeasureͲ
ments for the same 2007–2009 period but for each 30–degree
latitudinalbandsfrompoletopole:90°N–60°N(seetheSM,Figure
S1b), 60°N–30°N (Figure S1c), 30°N–30°S (Figure S1d), 30°S–60°S
(FigureS1e),and60°S–90°S(FigureS1f).

Except for the measurements close to the surface of the
SouthernHemispherehighlatitudes(southof60°S),thesecompaͲ
risonsconsistentlyshow that theaverageprofilesof temperature
differences between the F3C and the radiosondemeasurements
are less than 0.5°C for altitudes below 30–km and close to the
surface.For thecomparisonsclose to thesurface in the latitudes
southof60°S, the average temperaturedifferences arebetween
0.5°C and 1°C. Hence, these comparisons show that the F3C
observations are good for providing profiles of temperature
measurements in the lower troposphere. This is an important
factorforouranalysisshowninthiswork.

The US regional comparison. Since the Saharan dust outbreaks
occurduringthemonthsofMay–AugustoverthetropicalNorthern
Atlanticregions,itisdesirabletofurtherexamineandcomparethe
F3Cwiththeradiosondemeasurementsinthesemonthsandinthe
vicinity of the North Atlantic regions. As North America areas
provide one of the highest quality of the radiosonde measureͲ
mentsintheNorthAtlanticregions,wemadecomparisonsinthese
areas(seetheSM,FigureS2).
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FigureS3(seetheSM)showstheaverageprofileoftemperaͲ
ture differences between the F3C and the radiosondemeasureͲ
ments[DT=T(F3C)оT(Sonde)]duringthemonthsofMay–Augustof
2007–2009.Herewefindthattheaveragetemperaturedifferences
are lessthan0.5°Cforaltitudesbetween30–kmandclosetothe
surface. These results are consistent with the previous compaͲ
risonswhichweremadeonaglobaldomain.

ThesecomparisonsdemonstratethattheF3Cobservationsare
goodwhen comparedwith the radiosondemeasurementsduring
theperiodwhentheSaharandustoutbreaksaremostactive,and
in areas that are close to the North Atlantic region where the
Saharandustplumesprevail.

3.2.Caseswithlong–rangetransportdustplumes

2–6July2008:Short–livedsingledustplume.Atypicalanalysisof
a long–range transport of the Saharan dust plume is shown in
Figure1,during2–6July2008.Themovementofthecentersofthe
dust plume shown by elevated AI values (greater than 1) surͲ
roundedbylowAIvalues,arereadilyseenovertheNorthAtlantic
region.Thecenterofthedustplume,originallylocatedat30°Won
2July,movedwestward to40°Won3July,approaching50°Won
4Julyand55°Won5July,andgraduallydisappearedon6Julyasit
approached60°W.Duringthisperiod,theF3CdatashowsdistincͲ
tivemovements of the hot air plume across the tropical North
Atlantic.Thedailylocationsofthiswestwardmovinghotairplume
followthewestwardmovingofthedustplume. Inthefirst2days
(2–3July),thecenter forthehotairplume ismore inphasewith
thecenterforthedustplume.Thisinphasebecomesseparatedon
4Julyandthedaysafter,asthehightemperaturecentersgradually
lagbehindthedustplumecenters.Thisanalysisdemonstratesthat
the long–range transport of the Saharan dust plumes can be
identified with the OMI observations, while the hot air plumes
associatedwiththewestwardtransportingdustplumesacrossthe
tropical North Atlantic were revealed by the F3C observations.
Comparisons of the OMI AI with the AIRS observations reveal
similarcharacteristicsbetweenthewestwardtransportofthehot
airplumeandthedustplume.Areaswithelevatedtemperaturesat
292–295K, indicative of the hot air plume,move from 30°W on
2Julyto60°Won6July.

Though thecomparisonsbetween theOMIAI,F3C,andAIRS
show a close temporal–spatial relationship between the dust
plumeandhotairplume,similarresultsarenotclearlyidentifiable
when the dust plume was compared to the meteorological
analyses from theECMWF,NCEP,andUKMOoperationalmodels
(seetheSM,FigureS4).Fortemperatures fromtheseoperational
analyses,thehotairplumeassociatedwiththewestwardtransport
of the dust plume is less distinctive. In a sharp contrast, the
observationsfromF3CandAIRSshowagoodspatialandtemporal
relationship between thewestward transport of the dust plume
andhotairplume.ThegoodobservationsmadebytheAIRS,and
nowconfirmedbytheF3Cobservations,revealsthattheinclusion
of theAIRSdataprovidesmodeladditionalobservations thatare
closer to the reality than the predictionwithout the use of the
AIRSdata (Wuetal.,2006;Sunetal.,2009).Themeteorological
analysesdoshowthestartofthehotairplumeleavingthewestern
African continent and entering the east of the tropical North
Atlantic.Thishotair intrusion fromtheSaharanareacanbeseen
asthehightemperaturesextendfromdesertareatopassing30°W
on2July.

AclosecomparisonbetweenF3CandECMWFcanindicatethe
reasonof thisdistinctivedifferencebetween them. Forexample,
on4 July2008 (Figure1),anelevateddustplume (highAIvalues
(x10)of20–30)appearsintheregion40°W–50°Wandiscentered
around20°N. In this region, theF3CobservationsshowadistincͲ
tive hot air plume with maximum temperatures at 296–297K,
while the AIRS observations shows an identifiable hot air plume
withmaximumtemperaturesreaching293–294K.Onthecontrary,
inspection of meteorological analyses (see the SM, FigureS4)
shows no identifiable hot air plume in this region. Instead, a
prominent feature seen in thesemeteorological analyses in this
region is the cold air (with temperatures around 290–291K)
intrusion frommid–latitudes (northof30°N) to the low latitudes
(south of 30°N). These southward intruding cold airs, by the
northeast tradewinds,are likely tobeassociatedwith the large–
scale anticyclonic circulation (Carlson and Prospero, 1972).
Westphal et al. (1988) suggested that thenortheast tradewinds
advectcleanairunderneaththedustplumeasitmovedwestward.
The latitudinal extension of the 290–291 K cold air region from
closeto10°NtothenorthintheeasternpartofthetropicalNorth
Atlantic frommeteorologicalanalysesvindicates theadvectionof
clean cold air as described inWestphal et al. (1988). However,
there isa lackof thehotairplume shown in themeteorological
analyses.

Thesecomparisons indicate that thechange in temperatures
inthelowertroposphereassociatedwiththelong–rangetransport
of the Saharandustplumesarenotadequatelypresented in the
currentoperationalmodels.

10–16 June2007: Long–lived singledustplume. The long–range
transportofa7–daysingledustplumeoccurredduring10–16June
2007(Figure2).On10June,theOMIobservationshowedthatthe
dust frontapproaches40°W from theeast,while thedustplume
wascenteredaround10°W.Thisdustplumesubsequentlymoved
westward in the following days. It reached 20°W on 11June;
reached40°Won12June,duringwhichthedustplumealsoshows
themostwide–spreadspatialcoveragewithelevatedAI (ш2).The
dust plume became completely separated on 13June with its
center around 50°W. As the plume’s leading edge passed 60°W
on 14June, its atmospheric dust loading reduced, as seen from
reductions inAI levelsand spatial coverage.This reduction inAI,
both in levels and spatial coverage, continued as the plumes
approached70°Won15June,andreached80°Won16June.

The temperature observations from F3C during this 7–day
period are readily identified following the spatialmovements of
the leadingedgeof293–294Kcontours.These contours reached
30°W on 10June; approached 50°W during 11–12June; passed
50°Won13June;reached60°Won14June;andfadedawayon15
and 16June. The spatial evolution of the 293–294K contours
between20°Wand60°Waremostreadilyseenduring10–14June
period. The westward transport of a hot air plume during this
periodcanalsobeseen from theAIRSobservationsbutnotwith
theECMWFanalysis.

3.3.Casewithoutlong–rangetransportdustplumes

Incontrasttothecasesshowingdistinctive long–rangetransͲ
portof theSaharandustplumes,FigureS5 (see theSM)showsa
casewithout long–rangetransportoftheSaharandustplumes. In
this case, during the period of 19–23May 2007, no distinctive
Saharan dust plumes are found from the AI data, and no
identifiable hot air plumes are seen from the F3C and the AIRS
observations.Thesesatelliteobservationsarealsomoreagreeable
withtheECMWFanalysisthanduringthepreviouscases.

3.4. Temporal and spatial variations of temperature and dust
plumes

Previousanalysesshowdistinctivepatternsofhotairplumes
associatedwith theSaharandustplumesduring their long–range
transportacrosstropicalNorthAtlantic.Onecaseoccurredduring
2–6July 2008 (Figure1) and the other one that occurred during
10–16June2007(Figure2).

Figure3ashows time–seriesplotsofdailyAIandarea–mean
maximum temperatures (between 1–km and 4–km altitudes) for
each of the 20–degree longitude/latitude (10°N–30°N) binned
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areas over the Saharan dust source regions (20°W–0°W) during
May–August2007.Thebinnedarea immediatelydownstream the
Saharan source region (40°W–20°W), in themiddle–west of the
tropicalNorthAtlanticregion(60°W–40°W),andoverthewestern
partofthetropicalNorthAtlanticregion(80°W–60°W).


Figure1.Along–rangetransportoftheSaharandustovertropicalNorthAtlanticduring2–6July2008.TheOMI
aerosolindex(leftpanel,multipliedby10),andmaximumtemperatures(K)at1–4kmaltitudesfromF3C(central
panel)andAquaAIRS(rightpanel).Bigredcircleshighlighttemporal–spatialmovementoftheSaharandust
plume.Smallblackopencircles/crossesindicatelocationswithdaytime(8–17localtime)/nighttimeF3Cprofiles.
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

Figure2.Case10–16June2007Long–rangetransportofthedustplume.TheOMIAI(leftpanels);hotairplume
fromF3C(middle–leftpanels)andAIRS(middle–rightpanels);andECMWFanalysis(rightpanels).

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Figure3.Time–seriesvariationsofaerosolindexandtemperaturesduringMay–August2007.(a)Time–
seriesvariationsofareameanAI(red),andtemperaturesfromF3C(blue),AIRS(dashedblue),UKMO
(black),ECMWF(dashedblack),andNCEP(green)forMay(left),June(middleleft),July(middleright),
andAugust(right)of2007.Fortoptothebottomshowfourareas:0°W–20°W,20°W–40°W,40°W–60°W,
and60°W–80°W.Allareascontainthesamelatitudinalband,10°N–30°N.(b)Thesameasin(a)butfor
d(AI)(red),d(F3C)(blue),andd(ECMWF)(green).

Over the Saharan source region (20°W–0°W), there were
elevendistinctivepeaks inAIvaluesduring thisperiod.According
tothetimeofoccurrenceofthesepeaks,eachpeakinAIindicates
amajoractivedusteventovertheSaharansourceregions.These
AIpeaksarehighlightedbycapitallettersAtoK.Assuch,thesubͲ
sequentoccurrencesof thesepeaks in the followingdownstream
binnedareasof40°W–20°W,60°W–40°W,and80°W–60°Wclearly
indicates the westward transport of the Saharan dust plumes
acrossthetropicalNorthAtlanticregions.
Figure3bshows time–seriesvariationsofd(AI)versusd(F3C)
andd(ECMWF).Comparisonsofd(AI)values in these fourbinned
areasshowthatthelargestd(AI)valuesoccurredovertheSaharan
dust source regions; followed by the binned areas immediately
westofthedustsourceregion;andthemiddle–westofthetropical
North Atlantic regions. The western part of the tropical North
Atlantic region contains the smallest d(AI) values. When time–
series plots of the d(F3C) and d(ECMWF) temperatures are
comparedwiththed(AI),wefoundthatmostofthehotairplumes
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are associatedwith the Saharan dust plumes transported across
thetropicalNorthAtlanticregions.

The long–rangetransportofthehotairplumes,whichshows
the d(F3C) and d(ECMWF) are closely followed by those of the
d(AI). These are seen in peaks A, B, C, D, E (in 20°W–0°W and
40°W–20°W areas), F, H, I, J, and K as these peaks in AI were
transported from theSaharansourceregions, through the40°W–
20°W area, then to the 60°W–40°W area. This pattern clearly
shows the distinctive association between the Saharan dust
plumes and the hot air plumes. The consistency in variations of
d(AI) andd(F3C) indicates that satelliteobservations capture the
importanttemperaturevariationsassociatedwiththeSaharandust
plumes. The mutual consistency between F3C and AIRS further
vindicatethefactthatbothobservationsaregoodincapturingthe
temperaturechangesassociatedwiththeSaharandustplumes.

Wenotethattherealsoexistlong–rangetransportofthehot
airplumes[occurrenceofhighd(F3C)]butwithoutthepresenceof
theelevatedd(AI)valuesdownstreamofthesourceregion(20°W–
0°W).ThesearethecasesthatoccurredbetweenAIpeaksBandC,
EandF,andFandG.Intheseperiods,thehotairwastransported
from the Saharan source regions to the 60°W–40°W area. This
patternindicatesthetransportoftheSaharanhotairlayer.These
temperaturevariationsvarywithout thesignificantchangeof the
OMIAIvalues.Thesehotairplumesidentifiedhereareconsistent
with Huang et al. (2010),which found dry air outbreaks do not
alwayscoincidewithdustoutbreaks.

Ifweranktemperaturevariations,d(F3C)andd(ECMWF),and
AIvariations,d(AI),we find that thehighestvariabilityexistover
the Saharan source regions, followed by those occurring in the
regions immediatelywest of the Saharan source regions (40°W–
20°W).Temperaturevariability in themiddle–westof the tropical
North Atlantic regions (60°W–40°W) is small. These features are
alsopresent in themeteorologicalanalysesofUKMO,NCEP,and
ECMWF.ThearrivalsoftheSaharandustplumes inthisregion,as
indicatedby theAIpeaks,perturb the temperature variations as
shownintheF3CandtheAIRSobservations.

Temperature variations in the western part of the tropical
North Atlantic regions (80°W–60°W) are very small in time, as
consistently shown in the meteorological analyses. Only the
occasionalarrivalsofthesubsidedSaharandustplumesgiveriseto
someminor temperaturevariations,asshown in theF3Cand the
AIRSdata.

These comparisons reveal that the amplitudes of the
temperature variations from F3C andAIRS are larger than those
fromUKMO,NCEP,and ECMWF in the twobinnedareaseastof
the40°W(closetotheSaharansourceregions).Theamplitudesof
thetemperaturevariationsreducesignificantlyintheareawestof
the 40°W, and become very smooth in thewestern part of the
tropicalNorthAtlanticregions.

Wenote that temperaturevariations fromF3CandAIRSare
moresimilar toeachotherthanthemeteorologicalanalysisdata;
and themeteorological analyses aremore similar to each other
thanwhencomparedwiththesatelliteobservations.

The amplitudes of temperature variations and the discrepͲ
anciesbetweensatelliteobservationsandmeteorologicalanalyses
are larger in thebinnedareaseast, thanwestof the40°W.Since
binnedareaseastofthe40°WareclosesttotheAfricancontinent,
theseareasaredirectly impactedbythehighdoseoftheSaharan
dust plumes. As the binned areas are located furtherwest and
downstream to the 40°W, the discrepancies between satellite
observationsandmeteorologicalanalysesbecomesmall.

Long–rangetransportofAIpeaksduringMay–August2008are
shown in Figure 4a. Eleven distinctive AI peaks appear over the
Saharan source regions, as highlighted by capital letters A to K.
ThesepeakAIvalues [d(AI)]transported fromtheSaharansource
regiondownstream to thebinnedareas immediatelywest to the
Saharansourceregions(40°W–20°W);followedbythesubsequent
transporttothebinnedareaof60°W–40°W,and80°W–60°W.

Themaintenanceof the long–range transportof theSaharan
dustplumes [d(AI)]across the tropicalNorthAtlantic regionscan
bereadily identifiedwith the temporalandspatialmovementsof
these peaks. These hot air plumes [d(F3C) and d(ECMWF)]
occurredforalltheseelevenpeaks(Figure4b).

As similar to the time–seriesplots shown in2007 (Figure3),
thetime–seriestemperaturevariationsin2008forthetwobinned
areasof60°W–40°Wand80°W–60°W,whicharefurtherfromthe
Saharan source regions, shows consistently few temperature
variations from the meteorological analyses of UKMO, ECMWF,
andNCEP.OnlythearrivalsoftheSaharandustplumesgiveriseto
large temperature variations, as shown in the F3C and the AIRS
observations.

Table 1 showsmeanAI values (x10), correlation coefficients
betweend(AI)andd(F3C),andbetweend(AI)andd(ECMWF),and
P values at each binned area for the analysis period. Positive
correlationsoccur for allbinned areas. The ECMWF analysis and
F3Cmeasurementseachmaintainanequal4casesshowingcorreͲ
lation coefficients higher than the other. This indicates that the
ECMWFanalysishasdoneagoodwork inanalyzing temperature
variationsoverthetropicalNorthAtlanticduringthedustseasons
when compared with the real–time measurements from F3C.
However,subtledifferencesbetweenthesetwocorrelationsexist.

For high correlation coefficients (R>0.50), the F3C data
exhibits3cases,whiletheECMWFanalysisshow2caseswhichare
statistically significant (P<0.001). For low correlation coefficients
(R<0.20), thereare1case for theF3Cdataand2cases from the
ECMWFanalysis.Themoststrikingdifferenceoccurs in2008over
the 60°W–40°W binned area, where the correlation coefficient
betweenandd(AI)andd(F3C) isalmost3timestothosebetween
d(AI)andd(ECMWF).Variationofcorrelationcoefficientsbetween
d(AI)andd(F3C)are0.27–0.53,whichare smaller than0.19–061
for those between d(AI) and d(ECMF) for statistically significant
correlations(P<0.05).Hence,theECMWFmodeltendstounderesͲ
timate temperature variations associated with the Sahara dust
plumes. In saying that, ECMWF analysis is thebest analysis than
theNCEPand theUKMOanalysiswhen comparedwith the real–
timeF3Cmeasurementsasshowninthiswork.

3.4.Effectofdustplumesonmodifyingenvironmentalstability

Previous analysis shows long–range transport of hot air
plumesassociatedwiththeSaharandustplumes.Inthissectionwe
examine the effect of these hot air plumes on modifying
environmentalstabilityviathechangeoftheverticaltemperature
structures (Sun et al., 2009). In order to show the difference
resulting from the arrivals of the hot air plumes, we compare
temperatureprofilesbeforeandduringthepassageofthehotair
plumesonabinnedarea.Asshown inthetime–seriesanalysisof
Figure3 and Figure4, the40°W–20°Wbinned area is frequently
impactedbythehotairfromtheSaharansourceregion,whilethe
western part of the tropical North Atlantic (80°W–60°W binned
area) received much subsided effect from the long–range hot
plumes.Assuchthemiddle–westbinnedareaofthetropicalNorth
Atlantic (60°W–40°W) is ideal for studying the effect of dust
plumesontheverticaltemperaturestructure.

In Section 3.2 we discussed the long–range transport of a
long–livedsingledustplumethathadoccurredduring10–16June
2007.FromFigure2wefindthattheSaharandustplumewasnot
yetreachedthe60°W–40°Wbinnedareaon10–11June.Twodays
later,on13–14 June, thisbinnedareawasunder thedirect influͲ
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enceofthedustplume(seealsothevariationsintemperatureand
AIaroundthepeakCforthe60°W–40°Wbinnedarea).

Inthefollowing,westudythefirstcaseonthechangeofJune
temperature profiles. The F3C observations (Figure5) show that
thehotairplumesassociatedwiththeSaharandustplumesmake
average temperatures in the lower troposphereon13–14higher
than thoseon10–11 June.Thevertical temperaturegradientsat
2.5–5–km altitudes during 13–14 aremore negative than those
during10–11June.Themaximum increaseof temperatureof2K
occurred around 2–km altitude, resulting in the decrease of the
verticaltemperaturegradients(becomeslessnegative)ataltitudes
below2km,andtheincreaseoftheverticaltemperaturegradients
(becomesmorenegative)ataltitudesbetween2–kmand5–km.

(a)

(b)

Figure4.Time–seriesvariationsofaerosolindexandtemperaturesduringMay–August2008.(a)Time–
seriesvariationsofareameanAI(red),andtemperaturesfromF3C(blue),AIRS(dashedblue),UKMO
(black),ECMWF(dashedblack),andNCEP(green)forMay(left),June(middleleft),July(middleright),
andAugust(right)of2008.Fromtoptothebottompanelsshowfourareas:0°W–20°W,20°W–40°W,
40°W–60°W,and60°W–80°W.Allareascontainthesamelatitudinalband,10°N–30°N.(b)Thesameas
in(a)butford(AI)(red),d(F3C)(blue),andd(ECMWF)(green).

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Table1.Correlationcoefficients.MeanAIvalues(x10),correlationcoefficientsbetweend(AI)andd(F3C),
andbetweend(AI)andd(ECMWF),andPvaluesateachbinnedareafortheanalysisperiod
May–Aug
 AI R(AI,F3C) P R(AI,EC) P
2007 20–00W 17.000 0.53 <0.001 0.61 <0.001
2007 40–20W 9.270 0.40 <0.001 0.33 <0.001
2007 60–40W 6.520 0.11 0.217 0.36 <0.001
2007 80–60W 3.500 0.27 0.002 0.17 0.058
2008 20–00W 16.520 0.56 <0.001 0.52 <0.001
2008 40–20W 10.670 0.38 <0.001 0.44 <0.001
2008 60–40W 8.840 0.52 <0.001 0.19 0.035
2008 80–60W 6.280 0.29 0.001 0.39 <0.001


Figure5.ChangeofJune2007temperatureprofiles.Profilesof
temperatures(leftpanels)andtemperaturegradients(Kkm–1;middle
panels)inthedayswithout(bluecurves)andwith(redcurves)the
presenceoftheSaharandustplumesoverthemiddle–westtropical
NorthAtlanticforJune2007.Therightpanelsshowchangesin
temperatureprofiles[DT=T(dustdays)–T(nodustdays);redcurves]and
temperaturegradients[D(dT/dz)=dT/dz(dustdays)–dT/dz(nodustdays);
bluecurves].Thetop–mostplotsshowresultscalculatedbasedonF3C
data,followedbyresultscalculatedusingdatafromAIRSandECMWF.

Assuch,theF3CdatashowsthatSaharandustplumesactto
stabilizetheatmospherefromthesurfaceto2kmaltitudes,while
destabilizing the atmosphere in the region from 2km to 5km
altitudes. Inotherwords, thepassingof theSaharandustplumes
suppressestheconvectionbelow2kmaltitudes,whilemakingthe
atmospheremore conducive to convection at altitudes above 2
andbelow5km.Thisvery important findingwasprovidedby the
F3C.HerewedemonstrateaworkingmechanismfromtheSaharan
dust plumes to the tropical North Atlantic atmosphere. By
changing the vertical distribution of atmospheric stability, the
Saharandustplumesacttostabilizeairbelow2–kmwhiledestabilͲ
izingair from2–to5–kmaltitudes.Themaximum increase inthe
vertical stability occurs close to surface (below 1km altitude),
while themaximumdecreaseof theverticalstabilityoccursat4–
5kmaltitudes.

Figure5alsoshowsverticaltemperaturegradientscalculated
usingtheAIRSobservationsandthemeteorologicalanalysesfrom
ECMWF.Bothdatasetsrevealan increaseoftemperaturesbelow
5–kmaltitudes,andwithmaximumtemperature increaseof2.5K
at 2–km altitude. This results in an increase of vertical stability
below2–kmaltitude,andadecreaseofverticalstabilitybetween
2–kmand5–kmaltitudes.Theseresultsareconsistentwiththose
shown fromF3Canalysis.However,bothAIRSandECMWF show
maximum increaseofvertical temperaturegradientsoccurringat
2–kmaltitude,whichislowerthanthe4–5kmaltitudesfromF3C.
Thedecreaseofverticalstabilityat2.5–5kmaltitudesfromF3Cis
alsogreaterthanAIRSandECMWF.

ThesecondcaseonthechangeofJunetemperatureprofilesis
showninFigure6,whichcontainsprofilesofaveragetemperatures
andverticaltemperaturegradientsduringthedustfreedaysof19–
20 June 2008 compared with 22–23 June when dust plumes
existed over the 60°W–40°W binned area (see also time–series
plotsofAIandtemperaturesaroundAIpeakDinFigure4).

The F3C observations show increase of the temperatures
below 5–km altitudes,with amaximum increase of 2K at 2–km
altitudeduetothepresenceofthedustplumes.Thisresultsinthe
verticaltemperaturegradientsbecominglessnegativebelow2–km
altitudes, while vertical temperature gradients become more
negativebetween2–kmand6–kmaltitudes.Thesechangesinthe
profilesof vertical temperature gradients lead to the increaseof
atmospheric stability below 2–km altitudes and decrease of
atmospheric stability between 2–km and 6–km altitudes. The
resultsareconsistentwithpreviousanalysisinFigure5.BothAIRS
andECMWFalso show less changeofvertical stabilityat3–6km
altitudeswhencomparedwiththeF3Cobservations.

The changeof July temperatureprofilesare shown inFigure
S6(seetheSM),whichcomparesprofilesoftemperatures,vertical
temperature gradients, and differences of temperatures and
temperaturegradientsduring thedayswith to thosewithout the
presenceoftheSaharandustplumesduringtheperiod2–27July.
TheAIpeaksE(4June),F(9June),G(13Jun),H(19June),andI(27
June) shows the days with the influence of the hot air plumes
associatedwiththeSaharandustplumes (Figure4).On theother
hand,thedipsbetweenAIpeaksDtoI(2,6,11,17,and22ofJuly)
show days without the direct influence of the Saharan dust
plumes.

These results are consistent with previous analyses. The
increaseoftemperaturesoccurredbelow5–kmaltitudes,withthe
maximumincreaseof1–1.5Khappeningaround2–kmaltitude;the
increaseofstaticstabilitybelow2–kmaltitudes;andthedecrease
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ofstaticstabilitybetween2–5kmaltitudes.TheF3Cobservations
showhigherdecreaseofstaticstabilityaround2.5–5kmaltitudes
thanthosefromAIRSandECMWF.


Figure6.ChangeofJune2008temperatureprofiles.Temperature
profiles(leftpanels)andtemperaturegradients(Kkm–1;middlepanels)
inthedayswithout(bluecurves)andwith(redcurves)thepresenceof
theSaharandustplumesoverthemiddle–westtropicalNorthAtlantic
forJune2008.Therightpanelsshowdifferencesintemperatures
[DT=T(dustdays)–T(nodustdays);redcurves]andtemperaturegradient
[D(dT/dz)=dT/dz(dustdays)–dT/dz(nondustdays);bluecurves].Thetop–
mostplotsshowresultscalculatedbasedonF3Cdata,followedby
resultscalculatedusingdatafromAIRSandECMWF.

The change of August temperature profiles are shown in
FigureS7 (see theSM),whichcomparesdustdaysof8–9August
(AIpeakJof60°W–40°Warea,Figure4)tothedustfreedaysof3–
5 August. The F3C observations show that temperatures at altiͲ
tudesbelow7kmduring thedayswith Saharandustplumesare
higherthanthosewithouttheinfluenceofthedustplumes.There
isaminorcoolingatthesurface.Themaximumwarmingof1–2K
by thedustplumesoccurredat2–kmaltitude.This results in the
maximumdecreaseof the atmospheric vertical stabilityoccurred
around2–5kmaltitudes,andthemaximumincreaseofthevertical
stabilityataltitudesbelow1–km.Both theAIRSobservationsand
the ECMWF analyses show reduced changes in temperature
profilesandverticalstabilitycomparedwiththeF3Cobservations.

Ouranalysisshownherecorroboratesresultsfromnumerical
simulations of the impacts of the Saharan air layer. Sun et al.
(2009) usedWeather Research and Forecastingmodel (WRF) to
studythedevelopmentandintensificationofthetropicalcyclones
overtheNorthAtlantic.Theyfoundthatthe inclusionoftheAIRS
temperaturedatamodifyenvironmentalstability,leadingtobetter
simulationsoftropicalcyclonesinthemodel.Ontheotherhand,if
WRF assimilates only the AIRS humidity information, then the
model results are similar to thosewithout the AIRS data assimͲ
ilated. Sun et al. (2009) reasoned that the presence of the dust
produceslow–levelinversion,leadingtotheincreasestability(and
verticalwind shear). The stabilityK index (KI)usedby Sun et al.
(2009) compared temperature differences between 850hPa and
500hPa. Here with higher vertical resolution in the profile of
temperaturemeasurements from F3C,we are able towork out
more detailed changes in environmental stability below 5–km
altitudes.

3.6.Testofstatisticalsignificance

From above analysis we evaluate positive temperature
anomalies in the tropicalNorthAtlantic lower troposphereorigiͲ
natingfromWesternAfrica,andtoexaminethecorrespondenceof
these events to Saharandustplumes, using several temperature
sources and satellite–detected measurements of aerosol index.
Subsequenttotheseanalyses,wehypothesizethatpositivetempeͲ
ratureanomaliesoverthetropicalNorthAtlanticoriginating from
WesternAfricaareassociatedwiththeSaharandustplumes.

Since model analyses (ECMWF, NCEP, and UKMO) contain
effects of temperature advection by large scale winds, but the
effects of the Saharan dust plumes on temperatures were not
considered. The observations from F3C and AIRS, on the other
hand, provide direct observations of temperature distribution.
Hence,theseobservationsimplicitlyincludeeffectsoftemperature
changesduetowarmairadvectionandtheSaharandustplumes.
Assuch,wedefinepositivetemperatureanomaliesassociatedwith
theSaharandustplumesas the temperaturedifferencebetween
temperaturesobtained from the F3Cobservations to those from
modelanalysissuchasECMWF.WeexpectmoreAIvalueswould
mean more Saharan dust plume activity, resulting in large
deviationbetween temperaturesobtained fromF3CandECMWF.
In order to test this hypothesis,we require data from a control
periodwhen the Saharan dust plumes are less active. Figure S8
showsananalysisoftemperatureandAIdatathrough2007,while
FigureS9 (seetheSM)showssimilaranalysisbut for2008.These
plots show that theSaharandustplumeswere lessactiveduring
the September–December period than during the May–August
period.Table2showsalistofcorrelationcoefficients(R,P<0.001)
for temperatures between F3C and ECMWF analysis, AI, mean
temperaturedifference[ave(F3C–ECMWF)]andstandarddeviation
(sdev) of the temperature difference between F3C and ECMWF
analysis [sdev(F3C–ECMWF)] for the four areas during theMay–
August,andSeptember–Decemberperiodsof2007and2008.The
correlation coefficients between F3C and ECMWF are significant
(P<0.001,Student’st–test).

ThehighestAIvaluesoccurredduringtheMay–Augustperiod,
whileAIvaluesoccurredduring theSeptember–Decemberperiod
are low.Hence, the Saharandustplumesweremost activeover
the tropical North Atlantic during May–August, and were least
activeduring September–December.On the contrary, correlation
coefficients between the temperatures from F3C and ECMWF
show the highest values during September–December, and the
lowestcorrelationcoefficientsoccurredduringMay–August.When
the correlation coefficientsarehigh, the temperaturedifferences
and the standard deviations of the temperature differences
betweenF3CandECMWFare low.On theotherhand,when the
correlation coefficientsare low, the temperaturedifferencesand
the standard deviations of the temperature differences between
F3CandECMWFarehigh.

CorrelationcoefficientsarehighwhenAIvaluesarelow,while
correlationcoefficientsare lowwhenAIvaluesarehigh(R=–0.65,
P=0.023; Figure7a). The mean temperature difference between
F3CandtheECMWFanalysisaresmallwhenAIvaluesarelowand
the Saharan dust plumes are less active over the tropicalNorth
Atlantic.When AI values are high, the caseswhen Saharan dust
plumeactiveoverthetropicalNorthAtlantic,themeantemperaͲ
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ture differences between F3C and the ECMWF analysis are high
(R=0.79,P=0.002;Figure7b).ThestandarddeviationsoftemperaͲ
turedifferencesarealsosignificantlyandpositivelycorrelatedwith
theAIvalues(R=0.65,P=0.022;Figure7c).

These consistent results indicate that F3C observations
quantify effects of temperature changes associated with the
transport of the Saharan dust plumes over the tropical North
Atlanticascomparedwiththemodelanalysis.Themaximummean
temperaturedifferencebetween F3C and the ECMWF analysis is
2.5K,whilethestandarddeviationsofthetemperaturedifferences
rangebetween0.50and1.40K.Ouranalysisof the temperature
observations observed by F3C during 2007–2008 shows that
Saharan dust plumes over the tropical North Atlantic tend to
increase temperatures in the lower tropospherewhen compared
withthemodelanalysis.

4.Summary

In this work we evaluate positive temperature anomalies
(inversions in the lower troposphere) in the North Atlantic low
5–km troposphere originating from Western Africa, and to
examine the correspondence of these events to Saharan dust
plumes,usingseveral temperaturesourcesandsatellite–detected
measurementsofAerosolIndex.WecombineprofilesoftemperaͲ
tureobservationsfromF3CwithaerosolobservationsfromOMIto
provide direct evidence of the Saharan dust plumes modifying
environmental stability. The FS3 observations show good profile
measurements compared with the radiosondes in the lower
troposphere,with the average temperaturedifferences less than
0.5K.TheF3CresultswerealsocomparedwithAIRSandmeteoroͲ
logical analyses.Our results show distinctive hot air plumes are
associated with the Saharan dust plumes during its transport
across the tropical North Atlantic. Therewere eleven distinctive
hot air plumes duringMay–August 2007 and 2008, respectively.
Thesehotairplumes increaseenvironmentaltemperaturesbelow
5–kmaltitudes,withthemaximumincreaseof1–2Karound2–km.
This leads to increaseofenvironmentalstabilitybelow2–kmaltiͲ
tudesanddecreaseofenvironmentalstabilitybetween2–and5–
kmaltitudes.Bychangingtheverticaldistributionofenvironmental
stability,theSaharandustplumesacttostabilizeenvironmentalair
below2–kmwhiledestabilizeenvironmentalair from2– to5–km
altitudes.These resultsaredistinctivelypresented in theF3Cand
AIRSobservationsbutlessobviousinthemeteorologicalanalyses.
We show that satellite observations (F3C,AIRS) andmeteoͲ
rological analyses (ECMWF,UKMO,NCEP) aremore agreeable in
theatmosphericdestabilizingeffectataltitudesbetween1.5–and
5.5–km,buthavemorediscrepancy intheatmosphericstabilizing
effectataltitudesbelow1.5–km.Sincemeteorologicalmodelsdo
not have long–range transport of dust plumes included in the
operationalpredictionmodels (Alpertetal.,1998;Kishchaetal.,
2003), but themodels do havemechanisms to account for the
long–range transport of warm air out of Saharan Desert area,
which isoftenassociatedwith theSaharandustplumes.Assuch,
we can see the characteristic destabilizing effect from the
operationalmodelswhen comparedwith the observations from
F3CandAIRS.However,alargediscrepancyinthealtitudesbelow
1.5–kmindicatesthatthedustplumesexertgreatstabilizingeffect
that isnottrulyaccountedforbythecurrentoperationalpredictͲ
tion models. Previous works proposed the existence of the
atmospheric stabilizingeffect (CarlsonandProspero,1972;Wong
and Dessler, 2005). Ourwork shown here supports this finding,
and offersmore concrete evidence on themagnitudes and the
significanceontheatmosphericstabilizingeffect.

Through the assimilation of the AIRS data, previous studies
haveshownpositiveeffectofincludingtheSaharandustplumesin
themodels(Wuetal.,2006;Sunetal.,2009).Thoughitisdifficult
toincludetheeffectoftheSaharandustplumeswhenconsidering
the climate of tropical North Atlantic atmosphere for the past
1500years(Mannetal.,2009), it iscertainlydesirableto include
the Saharan dust plumes when modeling future climates
(Mahowald and Luo, 2003). For example, Chen et al. (2010)
showedthatdustshortwavewarmingeffectdominatedoverdust
longwave cooling effect; Jury and Santiago (2010) showed that
temperaturelapseratestabilizesasthedustloadingincreases.

Ourworkshownhereconcludes two importantdirections to
beconsideredonthedevelopmentoffuturepredictionmodelsfor
theSaharandustplumesoverthetropicalNorthAtlantic.Firstly,it
isbetterforthepredictionmodels,eitheroperationalorresearch,
tohavetheeffectsrelatetotheSaharandustplumes.Secondly,it
isdesirablethatthe large–scaletransportofSaharandustplumes
be included in the predictionmodels. In addition, other remote
sensingaerosoldatasuchasMODISdataandverticalprofilefrom
CALIPSO canbeused toverify spatialdistributionof theSaharan
dust plumes, and to provide more robust comparison on the
verticalprofilesofdustandtemperatureresponse.

Table2.Correlationcoefficients(R,P<0.001)fortemperaturesbetweenF3CandECMWFanalysis,AI,meantemperaturedifference
[ave(F3C–ECMWF)]andstandarddeviation(sdev)ofthetemperaturedifferencebetweenF3CandECMWFanalysis[sdev(F3C–
ECMWF)]forthefourareasduringJanuary–April,May–August,andSeptember–Decemberperiodsof2007and2008
May–Aug  R(EC,F3C) AI Ave(F3C–EC) Sdev(F3C–EC)
2007 20–00W 0.849 17.00 –0.29 0.80
2007 40–20W 0.653 9.27 2.24 1.37
2007 60–40W 0.737 6.52 0.85 0.81
2007 80–60W 0.859 3.50 –0.33 0.46
2008 20–00W 0.881 16.52 –0.52 0.82
2008 40–20W 0.733 10.67 1.57 1.02
2008 60–40W 0.765 8.84 0.52 0.71
2008 80–60W 0.890 6.28 –0.33 0.47
Sep–Dec     
2007 20–00W 0.977 10.54 –0.60 0.77
2007 40–20W 0.826 4.76 0.73 1.03
2007 60–40W 0.793 3.03 –0.03 0.74
2007 80–60W 0.914 2.04 –0.32 0.52
2008 20–00W 0.974 12.30 –0.48 0.76
2008 40–20W 0.874 7.08 0.42 0.81
2008 60–40W 0.937 5.62 –0.18 0.49
2008 80–60W 0.942 4.22 –0.14 0.61
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Figure7.Aerosolindexversuscorrelationcoefficients,temperature
difference,andstandarddeviationoftemperaturedifference.(a)Aerosol
indexversuscorrelationcoefficients.(b)Aerosolindexversusmean
temperaturedifferences.(c)Aerosolindexversusstandarddeviationof
temperaturedifferences.CorrectionrelationcoefficientRandstatistical
significanceofthecorrelation(Pvalues)aredenotedonthetoprightof
eachplot.RedopenstarsindicatedatatakenfromtheMay–August
period,andblueopentrianglesindicatedatatakenfromtheSeptember–
Decemberperiod.

Acknowledgments

TheauthorsareverygratefultoTigerJ.–Y.Liu,L.–C.Lee,C.–Y.
HuangandY.–A.LioufortheirinspiringdiscussionsontheGPSRO
data, and Neil Harris for discussions on this work.We are also
very grateful to three anonymous reviewers whose comments
significantly increase the clarity of this work. Thanks also for
commentsreceivedwhenthisworkwaspresentedintheISSI2010
Workshop inBern,Switzerland.WethankNSPO fortheF3Cdata;
NASA for theOMI data; and ECMWF,UKMO, andNCEP for the
meteorologicalanalyses;andUCAR/NCARfortheradiosondedata.
The figuresused in thisworkareentirelyproducedby theNCAR
Graphics.TheBOROKLinuxclusteratNCUACML is supportedby
NSC, and is used for the computational results reported in this
work. This work is supported by NSPO–S–099010(E), NSPO–S–
100011,andNSC–100–2119–M–008–020.

SupportingMaterialAvailable

AverageprofilesoftemperaturedifferencesbetweentheF3C
andradiosondemeasurements,onestandarddeviations,andtotal
numbersofprofilesused in comparisonsduring2007–2009ona
global domain (Figure S1), Spatial distribution of radiosonde and
F3Cprofilesover theNorthAmerican region (FigureS2),Average
profiles of temperature differences between the F3C and radioͲ
sondemeasurements,onestandarddeviations,andtotalnumbers
of profiles used in comparisons during 2007–2009 on the U.S.
domain(FigureS3),Maximumtemperature(K)at1–4kmaltitudes
from ECMWF, UKMO, and NCEP analyses during 2–6 July 2008
(FigureS4),Case19–23May2007.OMIAI,F3C,AIRS,andECMWF
analysis(FigureS5),ChangeofJuly2007temperatureprofiles(FigͲ
ure S6),ChangeofAugust2008 temperatureprofiles (FigureS7),
Time–series variations of aerosol index and temperatures during
theallyearof2007 (FigureS8),Time–seriesvariationsofaerosol
indexandtemperaturesduringtheallyearof2008(FigureS9).This
information is available free of charge via the internet at
http://www.atmospolres.com.

References

Alpert,P.,Kaufman,Y.J., Shay–El,Y.,Tanre,D.,Da Silva,A., Schubert, S.,
Joseph, J.H.,1998.Quantificationofdust–forcedheatingofthe lower
troposphere.Nature395,367–370.
Anthes,R.A.,Ector,D.,Hunt,D.C.,Kuo,Y.H.,Rocken,C., Schreiner,W.S.,
Sokolovskiy,S.V.,Syndergaard,S.,Wee,T.K.,Zeng,Z.,Bernhardt,P.A.,
Dymond,K.F.,Chen,Y., Liu,H.,Manning,K.,Randel,W.J.,Trenberth,
K.E., Cucurull, L., Healy, S.B.,Ho, S.P.,McCormick, C.,Meehan, T.K.,
Thompson,D.C.,Yen,N.L.,2008.TheCOSMIC/FORMOSAT–3mission:
Earlyresults.BulletinoftheAmericanMeteorologicalSociety89,313–
333.
Ao,C.O.Chan,T.K., Iijima,B.A.,Li,J.–L., ,Mannucci,A.J.,Teixeira,J.,Tian,
B.,Waliser,D.E.,2008.PlanetaryboundarylayerinformationfromGPS
radiooccultationmeasurements.GRAS SAFWorkshoponApplication
ofGPSROMeasurements,ECMWF,pp.123–131.
Arellano, A.F.Jr., Raeder, K., Anderson, J.L., Hess, P.G., Emmons, L.K.,
Edwards, D.P., Pfister, G.G., Campos, T.L., Sachse, G.W., 2007.
Evaluatingmodel performance of an ensemble–based chemical data
assimilation system during INTEX–B field mission. Atmospheric
ChemistryandPhysics7,5695–5710.
Aumann, H.H., Chahine, M.T., Gautier, C., Goldberg, M.D., Kalnay, E.,
McMillin,L.M.,Revercomb,H.,Rosenkranz,P.W.,Smith,W.L.,Staelin,
D.H., Strow, L.L., Susskind, J., 2003. AIRS/AMSU/HSB on the Aqua
mission: Design, science objectives, data products, and processing
systems.IEEETransactionsonGeoscienceandRemoteSensing41,253–
264.
Basist,A.N.,Chelliah,M.,1997.Comparisonoftropospherictemperatures
derived from the NCEP/NCAR reanalysis, NCEP operational analysis,
and the microwave sounding unit. Bulletin of the American
MeteorologicalSociety78,1431–1447.
(a)
(b)
(c)
Wang and Liu – Atmospheric Pollution Research (APR) 552

Carlson,T.N.,Prospero, J.M.,1972.The large–scalemovementofSaharan
airoutbreaksoverthenorthernequatorialAtlantic.JournalofApplied
Meteorology11,283–297.
Chahine,M.T.,Pagano,T.S.,Aumann,H.H.,Atlas,R.,Barnet,C.,Blaisdell,J.,
Chen,L.,Divakarla,M.,Fetzer,E.J.,Goldberg,M.,Gautier,C.,Granger,
S.,Hannon,S.,Irion,F.W.,Kakar,R.,Kalnay,E.,Lambrigtsen,B.H.,Lee,
S.–Y., Le Marshall, J., McMillan, W.W., McMillin, L., Olsen, E.T.,
Revercomb, H., Rosenkranz, P., Smith,W.L., Staelin, D., Strow, L.L.,
Susskind, J., Tobin, D., Wolf, W., Zhou, L., 2006. AIRS: Improving
weather forecasting and providing new data on greenhouse gases.
BulletinoftheAmericanMeteorologicalSociety87,911–926.
Chen,S.–H.,Wang,S.–H.,Waylonis,M.,2010.ModificationofSaharanair
layer and environmental shear over the eastern Atlantic Ocean by
dust–radiationeffects. JournalofGeophysicalResearch:Atmospheres
115,art.no.D21202.
Dunion, J.P.,Marron, C.S., 2008. A Reexamination of the Jordan mean
tropicalsoundingbasedonawarenessoftheSaharanAirLayer:Results
from2002.JournalofClimate21,5242–5253.
Dunion, J.P., Velden, C.S., 2004. The impact of the Saharan air layer on
Atlantic tropical cyclone activity. Bulletin of the American
MeteorologicalSociety85,353–365.
Engelstaedter, S., Tegen, I., Washington, R., 2006. North African dust
emissionsandtransport.Earth–ScienceReviews79,73–100.
Evan,A.T.,Vimont,D.J.,Heidinger,A.K.,Kossin,J.P.,Bennartz,R.,2009.The
role of aerosols in the evolution of tropical North Atlantic Ocean
temperatureanomalies.Science324,778–781.
Hajj,G.A.,Ao,C.O., Iijima,B.A.,Kuang,D.,Kursinski,E.R.,Mannucci,A.J.,
Meehan,T.K.,Romans, L.J.,de laTorre Juarez,M.,Yunck,T.P.,2004.
CHAMP and SAC–C atmospheric occultation results and
intercomparisons. Journal of Geophysical Research D: Atmospheres
109,art.no.D06109.
Heming,J.T.,Radford,A.M.,1998.TheperformanceoftheUnitedKingdom
MeteorologicalOfficeglobalmodel inpredictingthetracksofAtlantic
tropicalcyclonesin1995.MonthlyWeatherReview126,1323–1331.
Huang, J., Zhang, C., Prospero, J.M., 2010. African dust outbreaks: A
satelliteperspectiveoftemporalandspatialvariabilityoverthetropical
AtlanticOcean.JournalofGeophysicalResearch–Atmospheres115,art.
no.D05202.
Jury,M.R., Santiago,M.J., 2010. Composite analysis of dust impacts on
African easterly waves in the Moderate Resolution Imaging
Spectrometerera. JournalofGeophysicalResearch–Atmospheres115,
art.no.D16213.
Kalnay, E., Kanamitsu,M., Kistler, R., Collins,W.,Deaven,D.,Gandin, L.,
Iredell, M., Saha, S., White, G., Woollen, J., Zhu, Y., Leetmaa, A.,
Reynolds,R.,Chelliah,M.,Ebisuzaki,W.,Higgins,W.,Janowiak,J.,Mo,
K.C., Ropelewski, C., Wang, J., Jenne, R., Joseph, D., 1996. The
NCEP/NCAR 40–year reanalysis project. Bulletin of the American
MeteorologicalSociety77,437–471.
Karyampudi, V.M., Palm, S.P., Reagen, J.A., Fang, H., Grant,W.B., Hoff,
R.M.,Moulin, C., Pierce, H.F., Torres, O., Browell, E.V.,Melfi, S.H.,
1999. Validationof the SaharanDust plume conceptualmodel using
Lidar, Meteosat, and ECMWF data. Bulletin of the American
MeteorologicalSociety80,1045–1075.
Kishcha, P., Alpert, P., Barkan, J., Kirchner, I., Machenhauer, B., 2003.
Atmospheric response to Saharan dust deduced from ECMWF
reanalysis(ERA)temperatureincrements.TellusSeriesB–Chemicaland
PhysicalMeteorology55,901–913.
Kuo, Y.H.,Wee, T.K., Sokolovskiy, S.,Rocken,C., Schreiner,W.,Hunt,D.,
Anthes, R.A., 2004. Inversion and error estimation of GPS radio
occultation data. Journal of theMeteorological Society of Japan 82,
507–531.
Kursinski, E.R., Hajj, G.A., Leroy, S.S., Herman, B., 2000. The GPS radio
occultation technique. Terrestrial Atmospheric and Oceanic Sciences
11,53–114.

Kursinski, E.R.,Hajj,G.A., Schofield, J.T., Linfield, R.P.,Hardy, K.R., 1997.
Observing Earth's atmosphere with radio occultationmeasurements
using theGlobalPositioningSystem. JournalofGeophysicalResearch:
Atmospheres102,23429–23465.
Laken, B.A., Parviainen, H., Pallé, E., Shahbaz, T., 2013. Saharanmineral
dustoutbreaksobservedovertheNorthAtlantic islandofLaPalma in
summertimebetween1984and2012.Quarterly Journalof theRoyal
MeteorologicalSociety,DOI:10.1002/qj.2170.
Levelt,P.F.,VandenOord,G.H.J.,Dobber,M.R.,Malkki,A.,Visser,H.,de
Vries, J., Stammes, P., Lundell, J.O.V., Saari, H., 2006. The ozone
monitoring instrument. IEEE TransactionsonGeoscienceandRemote
Sensing44,1093–1101.
Mahowald,N.M.,Luo,C.,2003.A lessdustyfuture?GeophysicalResearch
Letters30,art.no.1903.
Mann, M.E., Woodruff, J.D., Donnelly, J.P., Zhang, Z., 2009. Atlantic
hurricanes and climate over the past 1500 years.Nature 460, 880–
883.
Mannucci, A.J., Ao, C.O., Hajj, G.A., Iijima, B.A., de la Torre–Juarez,M.,
2004. Towards new scientific observations from GPS occultations:
Advances in retrieval methods. Remote Sensing Applications of the
GlobalPositioningSystem5661,13–26.
McConnell, C.L., Highwood, E.J., Coe, H., Formenti, P., Anderson, B.,
Osborne,S.,Nava,S.,Desboeufs,K.,Chen,G.,Harrison,M.A.J.,2008.
Seasonal variations of the physical and optical characteristics of
Saharan dust: Results from the DustOutflow and Deposition to the
Ocean (DODO) experiment. Journal of Geophysical Research–
Atmospheres113,art.no.D14S05.
Moulin,C.,Lambert,C.E.,Dulac,F.,Dayan,U.,1997.Controlofatmospheric
export of dust from North Africa by the North Atlantic Oscillation.
Nature387,691–694.
Nalli, N.R., Clemente–Colon, P., Morris, V., Joseph, E., Szczodrak, M.,
Minnett,P.J.,Shannahoff, J.,Goldberg,M.D.,Barnet,C.,Wolf,W.W.,
Feltz,W.F.,Knuteson,R.O.,2005.Profileobservationsof theSaharan
airlayerduringAEROSE2004.GeophysicalResearchLetters32,art.no.
L05815.
Pratt,A.S.,Evans, J.L.,2009.Potential impactsof theSaharanair layeron
numerical model forecasts of North Atlantic tropical cyclogenesis.
WeatherandForecasting24,420–435.
Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P., 1997.
Numerical Recipes in Fortran 77: The Art of Scientific Computing,
SecondEdition,CambridgeUniversityPress,Cambridge,UK.
Pullen,S.,Jones,R.L.,1997.AccuracyoftemperaturesfromUKMOanalyses
of 1994/95 in the Arctic winter stratosphere. Geophysical Research
Letters24,845–848.
Reale,O.,Lau,W.K.,Susskind,J.,Brin,E.,Liu,E.,Riishojgaard,L.P.,Fuentes,
M.,Rosenberg,R.,2009.AIRSimpactontheanalysisandforecasttrack
oftropicalcycloneNargis inaglobaldataassimilationandforecasting
system.GeophysicalResearchLetters36,art.no.L06812.
Rocken, C., Kuo, Y.–H., Schreiner, W.S., Hunt, D., Sokolovskiy, S.,
McCormick,C.,2000.COSMICsystem,design.Terrestrial,Atmospheric
andOceanicSciences11,21–52.
Ryder,C.L.,Highwood,E.J.,Rosenberg,P.D.,Trembath,J.,Brooke,J.K.,Bart,
M.,Dean,A.,Crosier, J.,Dorsey, J.,Brindley,H.,Banks, J.,Marsham,
J.H., McQuaid, J.B., Sodemann, H., Washington, R., 2013. Optical
propertiesof Saharandustaerosoland contribution from the coarse
mode as measured during the Fennec 2011 aircraft campaign.
AtmosphericChemistryandPhysics13,303–325.
Schmidt, T.,Wickert, J.,Heise, S., Flechtner, F., Fagiolini, E., Schwarz,G.,
Zenner,L.,Gruber,T.,2008.ComparisonofECMWFanalyseswithGPS
radiooccultationsfromCHAMP.AnnalesGeophysicae26,3225–3234.
Sokolovskiy, S.V., Rocken, C., Lenschow, D.H., Kuo, Y.H., Anthes, R.A.,
Schreiner,W.S., Hunt, D.C., 2007. Observing themoist troposphere
with radio occultation signals from COSMIC. Geophysical Research
Letters34,art.no.L18802.

Wang and Liu – Atmospheric Pollution Research (APR) 553

Sokolovskiy, S., Kuo, Y.H., Rocken, C., Schreiner,W.S., Hunt, D., Anthes,
R.A.,2006.Monitoring theatmosphericboundary layerbyGPS radio
occultation signals recorded in the open–loop mode. Geophysical
ResearchLetters33,art.no.L12813.
Sun,D.L.,Lau,W.K.M.,Kafatos,M.,Boybeyi,Z.,Leptoukh,G.,Yang,C.W.,
Yang,R.X.,2009.Numericalsimulationsofthe impactsoftheSaharan
air layeronAtlantic tropicalcyclonedevelopment. JournalofClimate
22,6230–6250.
Wang, K.–Y., 2010. Profiles of the atmospheric temperature response to
the Saharandustoutbreaksderived from FORMOSAT–3/COSMICand
OMIAI.AtmosphericResearch96,110–121.
Wang,K.–Y.,Chau,T.–T.,2013.An associationbetweenairpollutionand
dailyoutpatientvisitsforrespiratorydisease inaheavy industryarea.
PlosOne8,art.no.e75220
Wang, K.–Y., Lin, S.–C., 2007. First continuous GPS soundings of
temperature structure over Antarctic winter from FORMOSAT–
3/COSMIC constellation. Geophysical Research Letters 34, art. no.
L12805.
Wang, K.–Y., Liao, S.–A., 2006. Lightning, radar reflectivity, infrared
brightness temperature,andsurface rainfallduring the2–4 July2004
severe convective system over Taiwan area. Journal of Geophysical
Research:Atmospheres111,art.no.D05206.
Wang, K.–Y., Lin, S.–C., Lee, L.–C., 2009. Immediate impact of the Mt
Chaiten eruption on atmosphere from FORMOSAT–3/COSMIC
constellation.GeophysicalResearchLetters36,art.no.L03808.
Westphal, D.L., Toon, O.B., Carlson, T.N., 1988. A case–study of
mobilizationandtransportofSaharandust.JournaloftheAtmospheric
Sciences45,2145–2175.
Wickert, J., 2004. Comparison of Vertical Refractivity and Temperature
Profiles from CHAMP with Radiosonde Measurements, Scientific
TechnicalReport,DanishMeteorol.Ins.,38pages.
Wickert, J.,Reigber,C.,Beyerle,G.,Konig,R.,Marquardt,C.,Schmidt,T.,
Grunwaldt, L., Galas, R.,Meehan, T.K.,Melbourne,W.G., Hocke, K.,
2001.AtmospheresoundingbyGPSradiooccultation:Firstresultsfrom
CHAMP.GeophysicalResearchLetters28,3263–3266.
Wong, S., Dessler, A.E., 2005. Suppression of deep convection over the
tropicalNorthAtlanticbytheSaharanAirLayer.GeophysicalResearch
Letters32,art.no.L09808.
Wong, S., Dessler, A.E., Mahowald, N.M., Yang, P., Feng, Q., 2009.
Maintenance of lower tropospheric temperature inversion in the
Saharan Air Layer by dust and dry anomaly. Journal of Climate 22,
5149–5162.
Wu,L.G.,Braun,S.A.,Qu,J.J.,Hao,X.J.,2006.Simulatingtheformationof
Hurricane Isabel (2003)withAIRSdata.GeophysicalResearch Letters
33,art.no.L04804.
Zhang,Y.,Cheng,S.H.,Chen,Y.S.,Wang,W.X.,2011.ApplicationofMM5in
China: Model evaluation, seasonal variations, and sensitivity to
horizontalgridresolutions.AtmosphericEnvironment45,3454–3465.


